Shiku and his colleagues observed that effector killer cells, ie . cells that have already responded to antigen, express a distinctive profile of Ly antigens (10) . In the study reported here, we have extended the use of the Ly systems to attack the fundamental question posed above, namely whether or not the generation of functional T-cell diversity precedes the encounter with antigen . We find that subclasses of peripheral T cells with different immunological functions and biological characteristics, distinguishable by expression of different Ly alloantigens, pre-exist in mice that have not been immunized. This indicates that diversification of T-cell function, resulting in cells committed to express either helper or killer activity, is a differentiative process that has taken place before T cells meet antigen and that these diverse effector cells are derived from different maturational lines of T cells .
Materials and Methods
Notations . The notation for congenic mice and antisera follows Shiku et al . (10 Antisera . Anti -Ly-1.2, anti-Ly-2.2 and anti-Ly-3 .2, and anti-Thy-1 . Table III ) . The Ly antisera we used, diluted 1:10, were absorbed once with 120 x 10 8 syngeneic thymus + LNC/ml to remove autoantibody .
Complement (C)-Dependent Cytotoxicity Assay . 10-40 x 108 cells/ml ("Cr-labeled ; 30 min, 100 juCi/ml) were incubated with Ly antiserum diluted in phosphate-buffered saline with 5% fetal calf serum (PBS-FCS) for 1/2 h at 37°C, washed once, brought up in 1 ml of freshly thawed rabbit serum (diluted 1:8 in PBS), and incubated for a further 1/2 h at 37°C . Rabbit sera selected for C were preabsorbed with mouse cells in the presence of EDTA (see 10) , which reduced background cytotoxicity for spleen and LNC, under the conditions described above, to <12% .
Sequential Lysis with Different Ly Antisera and C. The proportions of cells displaying one or more Ly antigens were estimated from the lytic effects resulting from sequential exposure to two different Ly antisera ; the protocol using B6 LNC as target cells is illustrated (with controls) as follows:
H. CANTOR AND E. A . BOYSE 1377 cpm (antiserum) -cpm (NMS) x 100 cpm (freeze-thaw) -cpm (NMS) .
cpm (NMS) $ cpm (freeze-thaw) x 100 (= 9% in both Steps 1 and 2 in this particular test) .
§ Cells from Step 1 were spun down and resuspended in fresh PBS-FCS before Step 2.
' Abbreviations used in this paper. BALB, BALB/c ; B6, C57BL/6; C, complement ; LNC, lymph node cells; MHC, major histocompatibility complex; MIg, mouse immunoglobulin ; MLC, mixed lymphocyte culture; NMS, normal mouse serum; PBS-FCS, phosphate-buffered saline + 5% fetal calf serum ; PFC, plaque-forming cells .
Step 1(+ C) Cell lysis*
Step 2 § (+ C) Lysis of remaining population This analysis is valid because maximum killing with each Ly antiserum is obtained in one incubation, see (c) and (d) above, and because pretreatment with NMS + C does not alter susceptibility to subsequent lysis with anti-Ly + C, compare (b) Step 2 with (c) Step 1. Therefore, all such tests included controls (b) to (e) .
Use of Ly Congenic Mice for Confirming Specificity of Ly Antisera . The specificity of any effects of a given Ly antiserum + C upon the immunologic function of B6 cells was confirmed by examining the effects of the same antiserum on cells from 136 congenic mice which are genetically identical to B6 except for the Ly locus in question (negative controls) as follows : (a) anti-Ly-1.2 tested on B6/Ly-1 .1 cells, (b) anti-Ly-2.2 on B6/Ly-2.1, and (c) anti-Ly-3.2 on B6/Ly-2.1,3.1 . If there is no effect upon the immune function of these control cells, then the effect of the Ly antiserum on B6 cells must be specific .
Purification of T Lymphocytes . Purification of T cells by elution from Sephadex G200 columns coated with rabbit antimouse immunoglobulin (MIg) according to Schlossman and Hudson (11) permitted virtually 100% T-cell recovery from spleen or LNC ; contamination by Ig+ cells was approximately 2-5%. In some experiments, T cells were enriched using nylon wool columns according to Julius et al . (12) , resulting in a recovery of 60-80% of Thy-1+ cells, and a 5-15% contamination by Ig+ cells; despite this incomplete T-cell recovery, cells purified by nylon wool and rabbit anti-MIg columns had similar functional properties .
Assays of Immunologic Function . (a) Sensitization of T lymphocytes and measurement of cytotoxic activity in a 4-h "Cr release assay is described elsewhere (2) . Briefly, 5 x 10 5 responder cells and 3 x 105 irradiated (2,500 R) BALB or (B6 x BALB)F, stimulator cells were incubated at 37°C in Falcon 3040 plates for 5 days in 7% CO2 . Cytotoxic activity for each sensitized cell population was calculated thus: In both the in vitro and in vivo test systems described above, the concentration of viable cells remaining after pretreatment with antiserum or NMS + C was equalized for all groups .
Results

Expression of Ly Antigens on Thymocytes and Peripheral T Cells as
Indicated by the C-Dependent Cytotoxicity Assay. Each Ly antiserum (Ly-1 .2,Ly-2.2, or Ly-3 .2) lysed about 90% of B6 thymocytes, but only 35-60% of cortisone-resistant thymocytes (Fig. 2) . One explanation is that although the majority of thymocytes [corresponding to the TL+ phase population (9) ] display all three Ly antigens, many cortisone-resistant thymocytes do not. Anti-Thy-1 .2 lysed approximately 40% of spleen cells, Ly-1 antiserum 30%, Ly-2 or Ly-3 antiserum 15-20%, and all three Ly antisera together around 35% (Fig. 3 A) . The respective figures for spleen suspensions enriched for T cells by passage through a column coated with rabbit anti-MIg were 85% (Thy-1), 65% (Ly-1), 35-45% (Ly-2 or Ly-3), and 80% (Ly-1,2 and 3) (Fig . 3 B) .
These data : (a) show that the relative proportions of cells expressing different Ly antigens in spleen are similar to those of the cortisone-resistant thymocyte population ( Fig . 2) , and (b) imply that the Ly antisera define subpopulations of Thy-1+ lymphocytes in peripheral lymphoid tissues .
II. Estimation of the Proportions of Spleen and LNC Marked by Different Ly
Antigens . To estimate the proportions of peripheral cells that displayed different combinations of Ly antigens, the lytic activity of each Ly antiserum was assessed against populations of spleen and LNC that had been pretreated with either NMS or another Ly antiserum in the presence of C (see Materials and Methods) . The results (Table I) indicate that approximately 30% of Thy-1+ cells in peripheral lymphoid tissues display predominantly Ly-1, approximately 7% Ly-23, and approximately 50% all three Ly antigens . These experiments also show that cells resistant to anti-Thy-1 .2 serum are not susceptible to subsequent exposure to anti Ly sera ; i.e., Ly expression is confined to Thy-1+ cells.
III. Ontogeny of Subclasses of Ly-Bearing Cells in Peripheral Lymphoid
Tissues, and their Dependence on the Thymus in Adult Life . To study the ontogeny of the three subclasses of Ly+ cells defined above (Ly-123+, Ly-1+, Ly-23+), spleen cells from mice of different ages were examined by sequential lysis with different Ly antisera. Virtually all Ly+ spleen cells 1 wk after birth were Ly-123+ (Fig. 4) . Ly-1+ and Ly-23+ cells, although undetectable in neonatal life, gradually increased in numbers so that by the 10th week of life they together accounted for roughly 20% of the total spleen cell population .
The effect of removing the thymus in adult life upon the concentration of these Ly subclasses in the spleen was then examined. Spleen cells obtained 3 wk after thymectomy or sham thymectomy (performed on 7-wk old mice) were sequentially treated with Ly antisera . These experiments indicate that adult thymectomy resulted in approximately a 50% decrease in the proportion of Ly-123+ cells and a slight increase in the relative proportions of Ly-1+ and Ly-23+ cells as compared with sham-operated controls (Fig . 5) . (Table II) but had little effect upon the generation of cytotoxic cells (Fig . 6) . By contrast, removal of Ly-2+ or Ly-3+ cells almost eliminated the generation of cytotoxic cells (Fig . 6 ) but did not reduce the PFC response (Table I1) . In control tests, treatment of T cells from congenic B6/Ly-1 .1 mice (see Materials and Methods) with anti-Ly-1.2 serum, or cells from B6/Ly-2.1 mice with anti-Ly-2.2 had no effect upon subsequent immune function, indicating the specificity of the results observed for the Ly systems named . V. The Effect of Pretreatment with Ly Antiserum Upon the Generation of Cytotoxic Activity by Lymph Node Cells In Vitro . To analyze further the cellular basis of the production of cytotoxic activity, T cells were sensitized to alloantigens in vitro. B6 cells treated with anti-Ly-2.2 or anti-Ly-3.2 (and thus enriched for Ly-1+ T cells) were unable to generate appreciable cytotoxic activity as a result of sensitization in vitro (Fig . 7) , thus confirming the effects of these antisera in the circumstances of sensitization in vivo (Section IV above) . Pretreatment with anti-Ly-1 .2, thus enriching for Ly-23+ cells, produced an after sensitization of B6 cells in vitro (i.e., treatment of preformed killer cells) (Fig . 8) . Between 70 and 90% of cytotoxic activity was eliminated by anti-Ly-2.2 or anti-Ly-3.2; none by anti-Ly-1 .2 . Thus, the Ly phenotype of the prekiller cell is stable, and also distinguishes its killer progeny. VI. The Effects of Pretreatment with Ly Antiserum on the Proliferative Response of Lymphoid Cells to Allogeneic Lymphocytes (Table III) purpose, we assessed the effects of pretreatment with Ly antisera upon MLC responses. Pretreatment of responder cells with each Ly antiserum reduced subsequent proliferation in MLC by about 50%, suggesting that although Ly-1+ cells did not directly contribute to the production of the cytotoxic response (Section V above), they nonetheless constitute a substantial proportion of the cells that are stimulated to proliferate by alloantigens.
To investigate the possibility that Ly-1+ cells were responding to alloantigens controlled by genes outside the major histocompatibility complex (MHC), which do not normally elicit a cytotoxic response, we tested the effect of pretreatment with Ly antisera upon the MLC response of B10 cells stimulated with irradiated B10.D2 congenic cells. Again pretreatment with anti-Ly-1 .2 reduced the MLC response by about 50-60% and so did anti-Ly-2 .2 and anti-Ly-3.2. Thus, both Ly-1+ and Ly-23+ cells contribute to the MLC response to antigens of the MHC . Finally, the participation of Ly subclasses in the proliferative response to antigens coded by the I + S region of the MHC is indicated in Table III . Here we tested the effects of pretreatment with Ly antisera upon the MLC response of BlO .T(6R) cells stimulated with irradiated AQR cells. These data show that Ly-1+ T cells accounted for almost all the proliferative response to I region (+ S) determinants ; in fact, pretreatment with anti-Ly-2 or anti-Ly-3 resulted in substantially increased proliferative responses to these antigens . Discussion Antigen-stimulated T cells have various immune functions, including secretion of pharmacologic mediators influencing cellular responses (14) , amplification or suppression of antibody responses (3, 4) , and generation of cells capable of specifically destroying target cells of contact. There is increasing evidence that, after antigenic stimulation has occurred, these individual functions may be performed by T lymphocytes that have different physical and biologic properties (15, 16) , and are distinguished by different Ly markers (10) . But there has so far been no direct evidence as to whether the cells of a single clone develop diverse functions after contact with antigen ( Fig. 1 ; Model 113 ) or whether T-cell differentiation involves the evolution of subclasses of functionally different T cells, independently of triggering by antigen ( Fig. 1 ; Model 2) . This is a question of fundamental relevance to the physiology of the immune system, because it involves a choice between, on the one hand, a true differentiative process for which a corresponding regulatory mechanism must be proposed and sought, and on the other hand, a quite different mechanism that would depend on fortuitous antigenic stimulation and so would be excluded from the category of physiological internally regulated differentiative events .
According to our data, for at least two T-cell functions, generation of killer activity and helper activity, respectively, functional commitment is manifest before contact with antigen: (a) According to the "Cr release cytotoxicity assay with Ly antisera, only 50% of Thy-1+ spleen cells are Ly-123+, the rest being Ly-1+ or Ly-23+ ; (b) Lymphoid populations depleted of Ly-1+ T cells (and thus enriched for Ly-23+ cells) are unable to generate appreciable helper responses but their capacity to generate cytotoxic activity in vivo and in vitro is unimpaired ; (c) Lymphoid cell populations depleted of Ly-23+ cells (and consequently enriched for Ly-1+ cells) produced substantial helper responses but their ability to generate cytotoxic activity in vitro and in vivo was greatly reduced.
Thus, T cells have already been instructed to express exclusively helper function or cytotoxic function before they encounter antigen. We have not investigated whether the different Ly components on the T-cell surface contribute directly to the expression of these functions, though Shiku et al . give evidence against this as far as cytotoxic effector function is concerned (10), or whether they perform some other function peculiar to cells that are destined to undertake these activities upon contact with antigen.
In MLC, the Ly-23+ T-cell subclass that gives rise to killer cells responds to MHC antigens coded by the H-2K and H-2D regions, whereas the MLC response to I-region antigens is confined to the Ly-1+ (helper) subclass . This is consistent with reports indicating that cytotoxicity can be generated in response to H-2K and H-2D region antigens (13) , and although total lytic activity may be augmented by additional I-region differences (17) the latter are not thought to suffice for triggering cytotoxicity in the systems currently used, and probably do not contribute to the specificity of cytotoxic effector cells (17) .
Recognition of I-region products (including la) by the Ly-1+ helper subclass is also relevant to evidence that these determinants : (a) are found mainly on B cells (18) , (b) are closely associated with or identical to B-cell Fc receptors (19) , and (c) may play a role in T-B interactions (20) . Possibly the proliferative response of Ly-1+ helper cells to Ia antigens on allogeneic B cells may pre-empt their capacity to exert helper activity (20) . Recognition of antigen associated with syngeneic la molecules on the surface of B cells or macrophages may by contrast favor expression of helper function .
Our data imply that TL+Ly-123+ cells generate three (TL -) subclasses of T cells, denoted Ly-1+, Ly-23+ and Ly-123+, as a normal differentiative process that is independent of exposure to antigen. Whether the Ly-1+ and Ly-23+ subclasses are generated from intermediary TL -Ly-123+ precursors has yet to be decided. Possibly relevant to this question are the findings that : (a) all Thy-1+ cells in peripheral tissues in the 1st week of life are Ly-123+, but the proportion of this cell type declines with time in favor of Ly-1+ and Ly-23+ cells, and (b) the selective reduction of Ly-123+ cells seen shortly after adult thymectomy may suggest that these cells are transitional peripheral derivatives of TL+Ly-123+ thymocytes . If the Ly-123+ subclass is transitional, the further differentiation of any antigen-specific clone to yield Ly-1+ or Ly-23+ progeny may be regulated by genes within the MHC, i .e ., Ir genes. Alternatively, the Ly-123+ subclass may be a separately differentiated regulatory population, perhaps capable of exerting immunosuppressive effects after stimulation with antigen . In this latter case, the relative proportions of Ly-123+ and Ly-1+ cells with specificity for a given antigen would determine the net helper effect to that antigen . Isolation of Ly-123+ cells from peripheral tissues may yield definitive evidence for either of these developmental pathwa-s and should permit functional studies of this T-cell subclass .
We have shown that both the prekiller cell and killer cell express the Ly-23 phenotype. Whether Ly-1+ cells, which also recognize certain alloantigens according to the MLC criterion, influence the generation of Ly-23+ killer cells, is dealt with in the following report (21) .
Summary
Ly alloantigens coded by two unlinked genetic loci (Ly-1 and Ly-2/Ly-3) are expressed on lymphoid cells undergoing thymus-dependent differentiation . Peripheral Thy-1+ cells from C57BL/6 mice can be divided into three subclasses on the basis of differential expression of Ly-1, Ly-2, and Ly-3 ; about 50% express all three Ly antigens (Ly-123+), about 33% only Ly-1 (Ly-1+), and about 6-8% Ly-2 and Ly-3 (Ly-23+) . Cells of the Ly-123+ subclass are the first peripheral Thy-1+ cells to appear in ontogeny, and are reduced in the periphery shortly after adult thymectomy . In contrast, Ly-1+ and Ly-23+ subclasses appear later in the peripheral tissues than do Ly-123+ cells, and are resistant to the early effects of adult thymectomy .
Peripheral lymphoid populations depleted of Ly-1+ cells and Ly-123+ cells (and thereby enriched for Ly-23+ cells) were incapable of developing significant helper activity to SRBC but generated substantial levels of cytotoxic activity to allogeneic target cells . The same lymphoid populations, depleted of Ly-23+ cells and Ly-123+ cells (and thereby enriched for Ly-1+ cells), produced substantial helper responses but were unable to generate appreciable levels of killer activity .
These experiments imply that commitment of T cells to participate exclusively in either helper or cytotoxic function is a differentiative process that takes place before they encounter antigen, and is accompanied by exclusion of different Ly groups, Ly-23 or Ly-1 respectively, from TL+Ly-123+ T-cell precursors . It is yet to be decided whether the TL-phase Ly-123+ subclass is a transitional form or a separately differentiated subclass with a discrete immunologic function.
